Otto Warburg first proposed that cancer originated from irreversible injury to mitochondrial respiration, but the structural basis for this injury has remained elusive. Cardiolipin is a complex phospholipid found almost exclusively in the inner mitochondrial membrane and is intimately involved in maintaining mitochondrial functionality and membrane integrity. Abnormalities in cardiolipin can impair mitochondrial function and bioenergetics. We used shotgun lipidomics to analyze cardiolipin content and composition in highly purified brain mitochondria from the C57BL/6J (B6) and VM/Dk (VM) inbred strains and from subcutaneously grown brain tumors derived from these strains to include an astrocytoma and ependymoblastoma (B6 tumors), a stem cell tumor, and two microgliomas (VM tumors). Major abnormalities in cardiolipin content or composition were found in all tumors. The compositional abnormalities involved an abundance of immature molecular species and deficiencies of mature molecular species suggesting major defects in cardiolipin synthesis and remodeling. The tumor cardiolipin abnormalities were also associated with significant reductions in both individual and linked electron transport chain (ETC) activities. A mathematical model was developed to facilitate data interpretation. The implications of our findings to the Warburg cancer theory are discussed.
INTRODUCTION
Otto Warburg first proposed that the prime cause of cancer was impaired energy metabolism (1, 2) . This impairment involved irreversible injury to cellular respiration that was followed in time by a gradual dependence on fermentation (glycolytic) energy in order to compensate for the lost energy from respiration. Cell viability requires a constant delta G' of ATP hydrolysis of approximately -57 kJ/mol (3, 4) . Most normal mammalian cells achieve this level of useable energy through respiration, whereas tumor cells achieve this level through a combination of respiration and glycolysis (2, 5) . Indeed, elevated glycolysis is the metabolic hallmark of nearly all tumors including brain tumors and is the basis for tumor imaging using labeled glucose analogues (5) (6) (7) (8) . Much controversy has surrounded the Warburg theory, however, largely over issues regarding the Pasture effect and aerobic glycolysis (9) (10) (11) (12) (13) (14) .
4 respiratory enzyme complex I and III and their linked activities are directly related to CL content (29, 34, 35) . The activities of the respiratory enzyme complexes are also dependent on CL molecular species composition (30) . Indeed, the degree of CL unsaturation is related to states 1-3 of respiration (31, 36) . CL contains two phosphate head groups, three glycerol moieties, and four fatty acyl chains (Fig. 1) . Almost 100 molecular species of CL were recently detected in the mitochondria from mammalian brain (37, 38) . Moreover, these molecular species form a unique pattern consisting of seven major groups when arranged according fatty acid chain length and degree of unsaturation (38) . Interestingly, the CL pattern in B6 brain mitochondria is conserved across mammalian species (37) . In contrast to B6 mice, VM mice have an unusual distribution of brain CL molecular species that could relate to the high incidence of spontaneous gliomas in this strain (39) .
The complexity of CL molecular species is regulated through both synthesis and remodeling. The condensation of phosphatidylglycerol and CDP-diacylglycerol produces immature CL, which contains predominantly shorter chain saturated and monounsaturated fatty acyl chains (palmitic and oleic acids). The immature CL is then remodeled to form mature CL through the coordinated activities of specific lipases and acyltransferases, which remove and transfer, respectively, longer chain unsaturated fatty acids from the sn-2 position of donor choline and ethanolamine glycerophospholipids (39) (40) (41) . We recently showed that the complex pattern of brain CL molecular species arises from a simple remodeling process involving random fatty acid incorporation (38) .
Alterations in phospholipid and fatty acid composition were previously reported in neural tumors (42) (43) (44) . These alterations could influence the fatty acids available for CL remodeling.
In the present study, we used shotgun lipidomics to analyze CL content and composition in by guest, on August 15, 2017 www.jlr.org Downloaded from highly purified brain mitochondria from the C57BL/6J (B6) and VM/Dk (VM) inbred strains and from subcutaneously grown brain tumors derived from these strains. The syngeneic B6 brain tumors were chemically induced and included an astrocytoma (CT-2A) and an ependymoblastoma (EPEN) (45) . The syngeneic VM brain tumors arose spontaneously and included two microgliomas (VM-M2 and VM-M3) and a stem cell tumor (VM-NM1) (46) . Our results show that these mouse brain tumors contain CL abnormalities that are unique to each tumor type and that these abnormalities are associated with deficiencies in ETC activities. Our results suggest that abnormal CL can underlie the irreversible respiratory injury in tumors and link mitochondrial lipid defects to the Warburg theory of cancer. 
MATERIALS AND METHODS

Materials
Mice
The VM mice were obtained from Professor H. Fraser, University of Edinburgh. The B6 mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Mice of both strains were matched for age (4 months) and sex (males) and were propagated under similar conditions 
Tumors
The CT-2A and EPEN brain tumors were originally produced from the implantation of 20-methylcholanthrene into the brains of B6 mice as previously described (45, 47) . The CT-2A tumor was isolated initially from the cerebral cortex in 1985 and was characterized as a malignant anaplastic astrocytoma, whereas the EPEN tumor was isolated from the cerebral ventricle in 1949 and was characterized as an ependymoblastoma (45, 48) . The VM-NM1, VM-M2, and VM-M3 tumors arose spontaneously in the cerebrum of 3 different adult VM mice from 1993-2000, as previously described (46) . VM-NM1 is a rapidly growing non-metastatic tumor with characteristics of neural stem cells.
The VM-M2 and VM-M3 are highly invasive/metastatic tumors of microglial/macrophage origin with characteristics of glioblastoma multiforme (46) . 
Mitochondrial Isolation
Non-synaptic mouse brain or tumor mitochondria were isolated using discontinuous Ficoll and sucrose gradients as previously described (38, 39) . A highly enriched mitochondrial fraction was obtained and used for lipidomics analysis as well as ETC enzyme activities.
Sample Preparation for Mass Spectrometric Analysis
An aliquot of purified mitochondria was transferred to a disposable culture borosilicate glass tube (16 X 100mm 
Instrumentation and Mass Spectrometry
High resolution based shotgun lipidomics analyses of CL was performed on a triple-stage quadrupole (QqQ) mass spectrometer (Thermo Scientific, San Jose, USA) equipped with an ionspray ion source as previously described (50) . All electrospray ionization mass spectrometric analyses were conducted by direct infusion, employing a Harvard syringe pump at a flow rate of spectrum or tandem mass spectrum, respectively. For product ion analyses by the QqQ mass spectrometer, the precursor ion was selected by the first quadrupole, with a mass window of 0.7
Th. All mass spectra and tandem mass spectra were automatically acquired by a customized sequence of subroutine operated under Xcalibur software (51) .
Electron Transport Chain Enzyme Activities
Purified mitochondrial samples were freeze-thawed three times before use in enzyme analysis to give substrate access to the inner mitochondrial membrane. All assays were performed on a temperature controlled SpectraMax M5 plate reader (Molecular Devices) and were done in triplicate. Specific enzyme activities were calculated using ETC complex inhibitors in order to subtract background activities.
Complex I (NADH-ubiquinone oxidoreductase) activity was determined by measuring the decrease in the concentration of NADH at 340 nm as previously described (52, 53) . The assay was performed in buffer containing 50 mM potassium phosphate (pH 7.4), 2 mM KCN, 5 mM MgCl 2 , 2.5 mg/mL BSA, 2 M antimycin, 100 M decylubiquinone, and 0.3 mM 
Association of Mitochondrial ETC Activities with Cardiolipin Content and Composition
As mitochondrial ETC activities depend on the content and the composition of CL, we modeled ETC activities as a function of CL content and composition in the mouse brain tumors.
The two main variables included, 1) total CL content and 2) the distribution of CL molecular species in mitochondria. The information about the molecular species distribution was simplified into a single number, which described the degree of relationship of the CL composition of the tumor mitochondria with that of brain mitochondria from the host mouse strain. This number was generated as a Pearson product-moment correlation. Rather than using the correlation coefficients as a statistical measure of significance, we used the correlation coefficient only to assess the degree of "compositional similarity" of CL from the host mouse brain mitochondria with that of tumor mitochondria. A low coefficient indicates that CL molecular species composition is dissimilar between the host brain mitochondria and the tumor mitochondria. A high correlation indicates that CL molecular species composition is similar between the host brain mitochondria and the tumor mitochondria.
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The following formula was used to associate each ETC activity (Complex I, Complex I/III, and Complex II/III) with CL content and composition.
We modeled the activity of a given ETC enzyme complex as a sum of three terms. The first term (a 1 content) is based on the assumption that ETC activity will decrease with decreases in CL content. The second term (a 2 content · correlation) is based on the assumption that ETC activity is related to both CL content and the distribution of molecular species. The third term (c) is a constant indicating a basal level of enzymatic activity independent of CL. The best-fit values of a 1, a 2, and c were calculated in the R statistical programming environment (55) for each Complex using the B6 data. We then considered whether the B6 and the VM ETC activities had similar biochemical dependences on the CL content and molecular distribution. We tested this by plotting the VM data on the B6-fit quadratic surfaces. To plot the data concurrently, we shifted the VM data vertically to best fit the B6 surfaces. In other words, optimal VM "c" values for each Complex were fit to minimize the square deviation from the B6 surfaces. This shift is necessary because the CL pattern of the VM brain is different from that of the B6 brain (39) . 
RESULTS
We used multiple discontinuous gradients to obtain highly purified mitochondria from normal brain and from brain tumor tissue. The length as well as choice of discontinuous gradients employed was designed for the purpose of mitochondrial lipid analysis as well as for assessment of ETC enzyme activities by standard biochemical procedures (38) . We recently showed that these isolation procedures provide precise information on the content and composition of total mitochondrial lipids when analyzed using shotgun lipidomics (38, 39) .
Mitochondria were isolated from the brain tumors grown subcutaneously in order to avoid contamination from normal brain tissue surrounding the tumors. Since the tumors analyzed were derived from either neural stem/progenitor cells or from glial cells (45, 46, 56) , the CL in tumor mitochondria was compared with that in non-synaptic mitochondria from syngeneic mouse brain.
Our analysis in purified mitochondria also eliminates issues regarding differences in mitochondrial content between tumor tissue and normal tissue (57) . As the B6 and VM mouse strains differ in CL composition (39) , our comparative analysis was between the host strain and those syngeneic tumors arising in that strain.
CL Abnormalities in the CT-2A and the EPEN Tumors
CL content was significantly lower in the mitochondria from the CT-2A and the EPEN tumors than in the non-synaptic mitochondria from the control B6 mouse brain (Fig. 2) . Almost coefficient, between B6 non-synaptic mitochondria and CT-2A and EPEN tumor mitochondria was 0.098 and 0.419, respectively. CT-2A was missing most molecular species in Groups IV, V, and VII, while also expressing an abundance of species in and around Group I. The distribution of CL molecular species was also abnormal in Groups II, III, and VI. As with the CL distribution in CT-2A mitochondria, the CL distribution in the EPEN mitochondria also contained an abundance of species in and around Group I and deficiency of species in Groups III-VII. The overall distribution of molecular species also differed between the CT-2A and EPEN tumors.
CL Abnormalities in the VM-M2, VM-M3, and VM-NM1 Tumors
In contrast to the B6 mouse brain, which contains about 100 molecular species of CL symmetrically distributed over seven major groups (Fig. 3A) , the VM mouse brain is unique in having only about 45 major CL molecular species and in missing molecular species in Groups IV, V, and VII ( Fig. 3B and Table 1 ). CL content was significantly lower in the mitochondria from the VM-NM1 and the VM-M2 tumors than in the non-synaptic mitochondria from the control VM mouse brain (Fig. 2) . No significant difference in CL content was found between the VM-M3 tumor and the VM brain. Each VM tumor differed from the VM brain with respect to the distribution of CL molecular species (Fig. 3B) . The degree of relationship in CL molecular species distribution, expressed as a correlation coefficient, between VM non-synaptic mitochondria and the VM-NM1, VM-M2, and VM-M3 tumor tissue was 0.601, 0.699, and 0.475, respectively. The CL molecular species also differed significantly among the VM tumors.
Electron Transport Abnormalities in Mouse Brain tumors
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The activities of Complex I, I/III, and II/III were significantly lower in mitochondria from the CT-2A and the EPEN tumors than in mitochondria from the syngeneic B6 brain.
Likewise, these ETC activities were significantly lower in mitochondria from the VM-NM1, VM-M2, and VM-M3 brain tumors than in mitochondria from the syngeneic VM brain. The unusual distribution of CL molecular species in the VM brain mitochondria could account for the lower ETC activities in the VM mice compared to the B6 mice as we recently described (39) .
Relationship of CL Abnormalities with ETC Activities in the B6 and the VM Brain Tumors
To illustrate the relationship of ETC enzyme activities to CL content and composition, for the other two Complexes. Similar trends were also found for the relationship between ETC activities and CL abnormalities in the VM brain tumors.
The various tumors cover a variety of cardiolipin contents and molecular species compositions, suggesting that the enzymatic activity surfaces that we have modeled will be useful for predicting Complex activities in other tumors using CL content and distribution. For example, the EPEN tumor was positioned furthest from its control B6 host strain, whereas the VM-M3 tumor was positioned closest to its VM host strain. These data demonstrate that the difference between a tumor and its respective host strain for an ETC activity is directly related to the difference between the tumor and host for CL content and composition.
DISCUSSION
The Warburg theory describes cancer as a metabolic disease of cellular respiration and has generated considerable debate and controversy in the cancer field. Much of the controversy surrounds the molecular mechanisms responsible for aerobic glycolysis, which involves defects in the Pasture effect (13, 14, 58, 59) . Indeed, the expression of aerobic glycolysis in tumor cells has become generally known as the "Warburg effect" (10, 11, 60) . Interestingly, Warburg considered the phenomenon of aerobic glycolysis as too labile or too dependent on environmental conditions to be a reliable indicator of tumor metabolism (1, 2). Rather he emphasized the importance of structural defects in respiration as the more robust mechanism of cancer. A greater dependence on glycolysis would naturally arise following irreversible respiratory injury in order to maintain an adequate delta G' of ATP hydrolysis for cell survival.
The emphasis on disturbances in aerobic glycolysis has diverted attention away from the key aspect of Warburg's theory on the underlying structural abnormalities responsible for injured respiration in tumor cells (9, 12, 60) . As CL is a major structural lipid of the mitochondrial inner membrane that influences mitochondrial function and bioenergetics, we investigated for the first time the content and composition of CL in highly purified mitochondria from a diverse group of mouse brain tumors.
We found that CL composition and/or content in mouse brain tumor mitochondria differed markedly from that in mitochondria derived from the normal syngeneic host brain tissue.
Moreover, we show that these CL abnormalities were associated with significant reductions in ETC activities consistent with the pivotal role of CL in maintaining the structural integrity of the inner mitochondrial membrane (31) . We conducted our studies on mitochondria isolated from the brain tumors grown in vivo rather than on mitochondria isolated from cultured brain tumor cells as our preliminary studies showed that in vitro culture conditions produce CL abnormalities, which would confound data interpretation (61) . Our findings of CL abnormalities in five diverse mouse brain tumor types are consistent with earlier studies in rat hepatomas showing shorter chain saturated fatty acids (palmitic and stearic) characteristic of immature CL (22, 62) . Based on these and other observations, we suggest that most tumors regardless of cell origin would contain abnormalities in CL composition and/or content.
As ETC complexes I, I/III, and II/III are necessary for maintaining the mitochondrial proton gradient and respiratory energy production (26, 63) , the CL abnormalities we found will compromise respiratory energy metabolism in these brain tumors. Moreover, we consider it highly unlikely that the CL abnormalities expressed in the various mouse brain tumors, or in any species exist in brain of the inbred VM mice (39) . These CL abnormalities might contribute to the relatively high incidence of spontaneous gliomas in this strain. In light of these findings, we suggest that inherited mutations within the nuclear genome could contribute either directly or indirectly to abnormalities in CL synthesis or remodeling.
In addition to inherited mutations, somatic mutations in tumor suppressor/oncogenes or aneuploidy could also produce mitochondrial defects thus causing CL abnormalities (65) (66) (67) . CL abnormalities could also arise from a variety of epigenetic causes involving abnormalities in cellular proliferation, metabolic flux, and calcium homeostasis (68) (69) (70) oxygen species could also alter CL content and/or composition thus contributing to tumor initiation or progression (71) (72) (73) (74) (75) . Hence, respiratory injury in tumor cells can be linked to CL abnormalities through numerous genetic, epigenetic, and environmental factors (Fig. 6 ).
The CL abnormalities we describe here could underlie in part the therapeutic response of these and other tumors to dietary energy restriction and metabolic targeting (4, (76) (77) (78) (79) (80) (81) (82) . By impairing ETC efficiency, CL abnormalities would reduce the ability of tumor cells to obtain energy from metabolic fuels other than glucose (3). Although our findings provide evidence linking the Warburg cancer theory with abnormal CL, it is important to recognize that not all CL abnormalities are associated with cancer. Indeed, CL abnormalities have been found in a variety of non-neoplastic diseases to include diabetes, Barth syndrome, and several neurodegenerative diseases (40, 73, 74) . Nevertheless, our findings provide new evidence that abnormal CL can underlie the irreversible respiratory injury in tumors thus linking Warburg's cancer theory to abnormal cardiolipin. Cardiolipin molecular species are arranged according to the mass to charge ratio based on percentage distribution and are subdivided into seven major groups as we previously described (38) . Corresponding mass content of molecular species in normal brain and tumor mitochondria can be found in Table 1 . All values are expressed as the mean of three independent mitochondrial preparations, where six cortexes or tumors were pooled for each preparation. illustrate the position of all tumors on the same graph relative to their host strain, the data for the VM strain and tumors were fit to the B6-fit quadratic surface as described in Methods. Lipid extracts from purified mitochondria were prepared using a modified Bligh and Dyer prodecure. The cardiolipin molecular species in the lipid extracts were identified by searching for plus-one isotopologues of double charged cardiolipin ions followed by product-ion analyses of these plus-one isotopologues. The cardiolipin molecular mass was obtained from the QqTOF mass spectrometer. The doubly charged cardiolipin plus-one isotopologues were used to quantify individual cardiolipin molecular species as previously described (Han et al 2006 and . The results are expressed as nmol/mg protein and represent the mean + standard deviation from three independent isolations of mitochondria. The ion peaks of cardiolipin molecular species that constituted less than 0.01 nmol/mg protein as determined by QqQ mass spectrometer have been omitted from the table. 
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